Summary: Rodent stroke models provide the experimental backbone for the in vivo determination of the mechanisms of cell death and neural repair, and for the initial testing of neuroprotective compounds. Less than 10 rodent models of focal stroke are routinely used in experimental study. These vary widely in their ability to model the human disease, and in their application to the study of cell death or neural repair. Many rodent focal stroke models produce large infarcts that more closely resemble malignant and fatal human infarction than the average sized human stroke. This review focuses on the mechanisms of ischemic damage in rat and mouse stroke models, the relative size of stroke generated in each model, and the purpose with which focal stroke models are applied to the study of ischemic cell death and to neural repair after stroke.
INTRODUCTION
Stroke is the third leading cause of death in the United States. With 700,000 cases per year, a person dies from stroke every 3 min. 1 These statistics have propelled the search for neuroprotective therapies to reduce cell death and infarct volume after stroke. Stroke is also the leading cause of adult disability, because 76% of people survive their stroke. Of these survivors, 50% have a hemiparesis, 26% are dependent in activities of daily living, and 26% are forced into a nursing home. This long-term disability means that $30 billion of the $53.5 billion annual dollar cost of stroke is incurred in supporting long-term survivors. 1 Thus, stroke is a lethal disease, but it disables more than it kills. This fact has led a recent effort to develop strategies for neural repair after stroke. 2 The push to translate stroke therapies from the animal model to the hospital produced a spate of clinical trials in the 1990s. Many recent reviews have covered the resultant failures in these efforts, as they relate both to limitations in the animal models, and to problems with clinical trial design. 3, 4 Several recent reviews have also focused on the mechanisms of cell death, neuroprotection, and neural repair after stroke. 2, 4, 5 This review will deal with the specific aspects of human disease modeled in rodent stroke models of focal ischemic stroke. The development of primate and higher mammal stroke models is an important goal 6 but without institutional change in animal facilities and costs, rodent models will continue to provide the predominant basic science research into the mechanisms of neuroprotection and neural repair after stroke. Several recent animal models have been designed specifically to determine reparative events in the brain after stroke, and many standard rodent models are best suited to testing neuroprotective therapies. This review will focus on this rough grouping: animal models of acute cell death in stroke, and animal models of neural repair in stroke.
MODELING HUMAN STROKE
Stroke can occur as end-arteriolar or small vessel occlusion, large artery occlusive disease, artery-to-artery embolism, and cardioembolism. Each source of stroke is associated with different infarct mechanisms and size, ranging from the lacunar strokes of small vessel disease to the large wedge-shaped cortical and subcortical infarctions of embolic stroke. However, large-scale clinical trials and the advent of routine angiographic and brain imaging studies have documented common characteristics of human stroke. Many of these characteristics common to human stroke are well modeled by animal stroke models. These include the concept of evolving stroke damage, in which ischemic cell death or cell stress responses progress after the initial ischemic insult; and the region of the ischemic penumbra, a brain region adjacent to the earliest region of ischemic cell death that will itself progress to infarction over time unless treated. But three principles in human stroke appear to have been less primarily included in animal models of stroke and warrant discussion.
Small size
Human strokes are mostly small in size (Table 1) . In large population studies and clinical trials, strokes range from 28 -80 mm 3 . Using human hemisphere volumetric measurements, [7] [8] [9] [10] this translates to 4.5-14% of the ipsilateral hemisphere (Table 1 ). This relative size holds true in selected subsets of stroke, such as cardioembolic 11 or larger cortical/subcortical strokes. 12 Using large clinical trials as a source for overall stroke size may introduce a potential bias in favor of stroke with less severe symptomatology, and hence smaller stroke, as these would be more likely to lead to survival and hospital presentation 12, 13 or inclusion in the trial design. However, it is precisely these most common types of stroke that are the target of neurotherapeutics. This is because larger strokes have worse functional recovery and more often present as malignant infarction.
Malignant infarction comprises approximately 10% of all strokes and is a syndrome of large stroke producing progressive edema, arterial compression, and infarct expansion.
14 Medical therapy is largely ineffective, leading to severe brain damage, herniation and death, or emergent craniectomy, and an overall mortality of up to 80%. 14 -16 Although there has been a clinical proviso that this stroke subtype occurs when infarcts encompass more than 50% of the ipsilateral cerebral hemisphere on imaging, in fact a comparison of the reported volumes of malignant infarction with estimated cerebral hemispheric size indicates that malignant infarction occurs when the stroke size is greater than 39% of the ipsilateral hemisphere (Table 1) . This is a little less than 10-fold greater than the reported normal range of nonmalignant human stroke.
Reperfusion
Human stroke involves a substantial degree of reperfusion. This comes from three sources. First, early clot lysis occurs in [15] [16] [17] [18] .8% percent of all strokes as assessed by serial monitoring. 17, 18 Second, collateralization occurs through the circle of Willis and leptomeningeal collaterals. 19, 20 Long a field of some controversy, 21 leptomeningeal collaterals have been formally shown to provide peri-infarct blood flow and improved outcome in stroke. [22] [23] [24] As intra-arterial therapies grow in importance in stroke, it is likely that additional angiographic studies will document the rapid peri-infarct flow provided by these superficial channels. 20 Indeed, intra-arterial therapies themselves lead in part to the final source of reperfusion in stroke. The only approved or clinically effective agents in stroke produce reperfusion: intravenous tissue plasminogen activator (tPA), intra-arterial urokinase or tPA, platelet glycoprotein IIb/IIIa receptor antagonists, Ancrod (a fibrinoloytic) and the recently approved intravascular clot retrieval device. [25] [26] [27] As these agents gain more widespread use, the incidence of reperfusion in human stroke will increase.
Patterns of recovery
Stroke produces behavioral deficits by damaging neuronal circuits specific to a given brain function. This seems obvious to the neuroscientist or neurologist, but both animal models and clinical trials have focused on stroke size irrespective of the circuits that are damaged. 28 Animal models in particular have focused on reducing the size of large strokes in rodents. However, human deficits after stroke occur with damage to specific circuits, such as in motor cortex maps, 29 and recovery follows a reproducibly determined functional reorganization in the brain. Motor, sensory, and language recovery involves a progressive reorganization and recovery of activation in peri-infarct and ipsilateral connected cortical sites after stroke. 30 -34 Successful rehabilitative therapies, such as constraint-induced therapy, 35-37 increase this functional remapping in brain areas adjacent to stroke. Thus, to go beyond studies of cell death, modeling neural repair in human stroke will require that animal stroke models produce injury in defined brain circuits so as to identify the molecular and cellular events that produce reorganization and recovery in the spared circuits adjacent to the infarct.
ANIMAL MODELS OF CELL DEATH IN STROKE
Animal models of cell death in stroke are designed to generate reproducible infarcts in a high throughput manner with a minimum of surgical manipulation to deter- mine mechanisms of cell death and test neuroprotective therapies. MCAo [intra-arterial suture occlusion of the middle cerebral artery (MCA)] through the internal carotid artery is the most widely used and has been extended to the mouse in recent genetic studies of cell death mechanisms. Most of these models have advantages in following the human stroke condition of large artery occlusion, are technically not difficult to perform, and can be applied to studies of stroke and cell death in the aged brain without prohibitive time or cost constraints. However in some forms, rodent models of cell death in stroke produce very large infarcts that may not model the most common, and treatable, human strokes.
MCAo
MCAo was introduced by Kozuimi et al. 38 and subsequently modified to reduce subarachnoid hemorrhage and premature reperfusion by coating the suture, such as with silicone. 39, 40 This technique involves transecting the external carotid artery, temporarily tying off the common carotid artery and using the external carotid artery trunk as a side path to pass a suture through the internal carotid artery to lodge in the junction of the anterior and middle cerebral arteries. The suture can be left in place for a variable duration of time and then removed to produce reperfusion. The most common durations of suture occlusion of the MCA in the rat are 60, 90, and 120 min and permanent occlusion. This technique does not require craniotomy, produces focal occlusion of a large cerebral artery as seen in human stroke and can be done in a high throughput manner. However, even with modifications such as coating the suture, MCAo is associated with an approximate 12% rate of subarachnoid hemorrhage, which reduces cerebral blood flow bilaterally. 40, 41 Also, transection of the ECA renders the muscles of mastication and swallow ischemic, producing difficulty in eating and weight loss. Although this does not alter overall infarct size, it is associated with poorer performance on post-stroke behavioral outcome measures.
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MCAo produces primary ischemic cell death in striatum and overlying frontal, parietal, temporal, and portions of occipital cortex, but also variable damage in the thalamus, cervicomedullary junction, substantia nigra, and hypothalamus. [43] [44] [45] Damage to widespread and functionally diverse brain regions is likely to produce complex motor, sensory, autonomic, and cognitive deficits and confound study of the specific circuits involved in recovery of these functions after stroke. In suture occlusion of 60 min duration or greater, hypothalamic damage is robust and occurs early. 43, 46 Hypothalamic ischemia is rarely seen in human stroke. Hypothalamic ischemia generates a hyperthermic response in rats that persists for at least 1 d after the animal has recovered 46 and is often unmonitored. Hyperthermia exacerbates cell death and this means that temperature fluctuations themselves may be a source of variability in ischemic cell death in MCAo. [46] [47] [48] Historically, this confounded early neuroprotective studies, particularly for MK-801. It is now clear that the primary neuroprotective effect of MK-801 is mediated through its hypothermic effect, and not through NMDA antagonism in the excitotoxic infarct bed. 49 The most consistent pattern of cell death in MCAo follows a well-described progression from early infarction in the striatum to delayed infarction in the dorsolateral cortex overlying the striatum. Striatal infarction is mostly necrotic, occurs rapidly, 43, 50 and is resistant to most neuroprotective agents administered after the procedure.
51-55 Cortical infarction is more delayed, involves a prolonged and biphasic opening of the blood brain barrier, and contains a greater degree of apoptotic cell death than in striatal infarction. 43, 50, 56, 57 In MCAo with reperfusion, the striatum remains densely ischemic, but the overlying cortex returns to control blood flow values. 58 Thus, in MCAo striatal infarction is an ischemic core, and cortical infarction is a region of delayed, progressive neuronal death, or an ischemic penumbra. Consistent with this idea, many hypoxia-induced genes involved in neuroprotection are induced solely in cortex after MCAo, such as heat shock protein 70, Bcl-2, Bcl-XL, and Bax. 59 -61 The progressive cell death in dorsolateral cortex is also associated with delayed inflammatory mediators of ischemic cell death, including neutrophil invasion, tumor necrosis factor ␣ and interleukin-1␤ cytokine release, inducible nitric oxide synthase and cyclooxygenase-2 activation 62-65 as well as oxidative cellular injury. 66 The delayed progression of cell death in cortex in MCAo is an advantage of this model. The time course and clinical realities of human stroke make the ischemic penumbra, and secondary mediators of ischemic cell death such as inflammation and oxidative injury, the main targets for neuroprotective therapies.
3,4

Mouse MCAo
Intraarterial suture occlusion of the middle cerebral artery is the most common focal stroke model in the mouse. As with rat MCAo, MCAo in the mouse avoids skull soft tissue damage, prolonged surgery time and animal morbidity associated with craniotomy. Subarachnoid hemorrhage affects roughly 10% of MCAo in the mouse. 67 Unlike rat MCAo, MCAo in the mouse leads to hypothermia. 68 Hypothalamic damage occurs in both species, but the large surface area/volume of the mouse leads to temperature loss in the postoperative period. 68 Also unlike rat MCAo, MCAo in the mouse is uniquely plagued by substantial variations in the volume of damage within and between strains and by the easy possibility of generating large infarcts in widespread and diverse brain structures.
Mice exhibit profound interstrain differences in infarct volume after MCAo. In several studies of permanent suture-induced MCAo, C57BL/6 mice exhibit significantly larger infarct volumes than Sv129 69, 70 and in global ischemia C57BL6 is more sensitive than BALBc and other strains. 71 Interestingly, in distal MCAo (see below), BALBc mice have larger strokes than C57BL/6 and Sv129 strains. [72] [73] [74] There are strain differences in arterial collaterals and sensitivity to excitotoxic cell death that may partially account for these differences. C57BL/6 have poorly developed posterior communicating arteries, 71, 75, 76 which will limit collateral flow to the territory distal to an occluded MCA. However, the degree of development of the circle of Willis does not strictly correlate with distal blood flow 71, 72 or with infarct size. 77 Of the commonly used mice strains, C57BL/6 and BALB/c are more resistant than Sv129 and FVB/N mice to kainite-induced excitotoxic hippocampal damage, 78 which is the inverse pattern of sensitivity to suture-induced MCAo. Thus, the mechanism for this interstrain difference in ischemic cell death remains to be determined. However, mouse strains have differences in many gene systems, including those related to cytokine and major histocompatibility complex expression, glial reactivity, and intracellular protein processing 73, 79 that may contribute to differential sensitivity to ischemic cell death. An important point of this variability is that principles of cell death or neuroprotection derived from a single mouse strain should be replicated in additional strains before they are considered as generalized fact.
Arterial occlusion in the mouse produces a steep relationship between occlusion time and increases in ischemic cell death. The difference between 15 and 30 min of MCAo is a fivefold increase in infarct volume in C57BL/6 mice. 76 Similarly, in bilateral common carotid artery occlusion, 6 min of interruption of blood flow produces no ischemic damage, but 8 min produces damage to striatum and hippocampus in C57BL/6. 80 The exquisite sensitivity of the mouse to infarct extension over minutes of MCAo may account for the variation in infarct size in this model: published studies of infarct size within the same strain, using the same duration of MCAo and the same survival period produce measures of infarct volume that range over a fivefold difference (see Table 2 ). When infarct size extends into larger volumes in the mouse, the damage involves a substantial amount of the cerebral hemisphere and very different brain structures, including most of the ipsilateral cortex, striatum, thalamus, hippocampus, pyriform cortex, accumbens, and the subventricular zone. 70, 76, 81 The progression of ischemic cell death in mouse MCAo mirrors that in rat, with comparable events shifted toward shorter MCAo occlusion times. Thus, with brief MCAo (30 min), there is rapid infarction in the striatum, and delayed infarction in overlying cortex, associated with heat shock protein and immediate early gene induction in cortex. 82 With longer MCAo, such as 1 h and permanent occlusion, there is widespread, simultaneous damage in both striatum and cortex, and indeed much of the ipsilateral cerebral hemisphere 83, 84 with a small region of pernumbral cortex. Thus brief MCAo in the mouse (30 min) resembles longer MCAo in the rat (60 -120 min), but longer MCAo in the mouse (60 -120 min) produces rapid, simultaneous infarction in much of the cerebral hemisphere.
Modeling malignant infarction
Suture occlusion of the MCA in the mouse and rat frequently produces tissue damage in a substantial portion of the ipsilateral cerebral hemisphere. When a large number of recent or important past publications are surveyed and normalized for hemispheric volume, infarct size in both species ranges from around 5% to 50% of the cerebral hemisphere, with most studies noting infarcts between 21 and 45% of the ipsilateral hemisphere. This range occurs independently of reperfusion time ( Table  2) . As noted previously, in humans infarcts consistently greater than 39% of the ipsilateral hemisphere are malignant infarctions (Table 1) . These develop substantial edema and progressive infarct expansion, with outcomes of either brain herniation or pan-hemispheric destruction, and minimal functional recovery. Instead, the most common forms of human stroke are not malignant infarctions. These most common humans strokes are approximately an order of magnitude smaller (Table 1) and are all associated with some degree of recovery. In comparing these numbers from rodent and human stroke, it is clear that there is a risk that many studies of MCAo in rodents, and particularly in the mouse, are not modeling the usual cases of human stroke, but are modeling malignant infarction. In fact, it is a unique characteristic of the lissencephalic rodent brain that these animals even survive this large stroke in appreciable numbers. In cats, distal or proximal MCAo of similar occlusion times produces large hemispheric infarctions, progressive edema, and death. 85, 86 In humans, malignant infarction is associated with diminished local collateral flow and a reduced region of penumbra. 87, 88 Similarly in rats, laser Doppler flow measurements suggest that suture occlusion of the MCAo also results in reduced local collateral flow, compared with other stroke models. 89 Thus, rodent MCAo may in many cases be modeling progressive ischemic cerebral edema, but not small, focal stroke.
Other models of MCAo: distal MCAo and embolic MCAo
There are two main distal occlusion models of the middle cerebral artery. Both produce more restricted damage to the cerebral hemisphere, avoiding the thalamic, hypothalamic, hippocampal, and midbrain damage seen in suture-occlusion of the MCAo of greater than 60 min. As a result, there is no hyperthermic response in these models. 47 In a method originally developed by Tamura et al., 89 the MCA is transected after it gives off lencticulostriate branches at the basal surface of the lateral part of the cerebral hemisphere. Most investigators do not divide the zygomatic arch as was originally described, but the surgical approach still involves skillful separation of the parotid gland and temporalis muscle and a narrow craniotomy over the MCA. 44, 72, 73, 90, 91 The ischemic damage includes much of the striatum, subcortical white matter, and ipsilateral cortex ( Table 2 ). The second technique involves occlusion of the MCA on the surface of the brain, and bilateral common carotid occlusion-the three-vessel occlusion model. For a consistent infarction in normotensive animals (i.e., not the spontaneously hypertensive stain of rat), there needs to be a period of at least 60 min in the rat in which the MCA on the surface of the brain and both common carotids are occluded. [91] [92] [93] [94] In the rat, variations on the three-vessel occlusion model relate to whether the MCA and ipsilateral carotid arteries are permanently or transiently occluded. These variations include permanent occlusion of the ipsilateral common and middle cerebral carotid arteries, 92 permanent occlusion of the ipsilateral common carotid artery alone, 95 permanent occlusion of the middle cerebral artery alone, 94 and temporary occlusion of all three vessels. 96 A comparison of infarct size across these variations suggests that this approach generates a reproducible infarct volume, especially within the same lab. 94 Ischemic damage involves most of the frontal, parietal, temporal and rostral occipital cortex, the underlying white matter and a small region of dorsolateral striatum. 92, 94, 96 Importantly, both the Tamura and three-vessel occlusion models involve reperfusion. In the Tamura model, local collaterals from the anterior cerebral artery provide a zone of reflow in medial frontal and parietal cortex. 89, 97, 98 and in the three-vessel models removal of the transient occlusion on the common carotids, or middle cerebral artery, establishes reperfusion. 94 -96 In the mouse, permanent distal MCA and bilateral common carotid artery occlusion limited to 15 min produces infarction confined to cortex, but common carotid occlusion for 30 min or more produces elements of global infarction bilaterally in the striatum and globus pallidus (C57BL/6 strain, Ohab, J. and S. T. Carmichel, personal observations). Also in the mouse, permanent occlusion of the MCA and ipsilateral common carotid artery (a two-vessel model) provides a similar degree of cortical infarction as the three vessel rat models. 74 These distal MCA occlusion models produce an infarct core in the frontal and parietal cortex, and evolving infarction over 3-4 days in adjacent temporal, frontal, and cingulate cortex and dorsolateral striatum, characterized by leukocyte infiltration, cytokine production, caspase activation and apoptosis.
44,73, 91 The advantage of these models compared to suture MCAo is that they produce smaller infarcts ( Table 2 ). The disadvantage is that they require craniotomy, a degree of acquired neurosurgical skill, and more preparation time. A recent modification using Rose-Bengal and photocoagulation of the MCA (see below) through the intact skull in the mouse further improves the distal MCAo in this species.
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Embolic MCA occlusion Three models use embolic MCA stroke: microsphere/ macrosphere injection or thrombotic clot embolization. The macrosphere technique involves installation of large 300 -400 M diameter spheres into the internal carotid artery. These lodge in the middle cerebral artery and produce an infarct of similar size and location as the permanent suture-occlusion of the MCA, without hypothalamic damage and subsequent hyperthermia.
49, 99 The microsphere model utilizes 50 M diameter spheres, instilled into the MCA or internal carotid artery, that produce smaller, multifocal infarctions throughout the brain, 100,101 modeling distal and diffuse embolism. Thromboembolic clots use either spontaneously formed clots from autologous blood placed into the MCA, or thrombin-induced clots in the middle cerebral artery, to directly model the clot-induced human stroke. 102, 103 The infarction in this model is smaller and more variable than suture-induced MCAo. 103 Microvessels in the striatum and cortex are occluded at 1 h, and then cortical vessels clear by 3 h and striatal microvessels clear by 24 h, suggesting a continuous process of endogenous thrombolysis. 104 The degree of thrombolysis will differ depending on the mechanism of clot formation: spontaneous ex vivo clot formation versus intravascular clot induction with thrombin. 105 This model closely mimics human stroke, but produces infarcts of more variable size and location, which will make analysis of neuroprotective treatments difficult. However, it provides an excellent system to evaluate new thrombolytic therapies, especially when coupled with real-time magnetic resonance imaging (MRI) assessment.
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Photothrombosis model
Photothrombotic stroke models use local intravascular photooxidation to generate highly circumscribed ischemic cortical lesions. Rose-bengal or other photosensitive dyes are injected intravenously and irradiated within minutes through the intact skull, generating singlet oxygen, focal endothelial damage, platelet activation, simultaneous microvascular occlusion throughout the irradiated area and secondary ischemia. 106, 107 The region of irradiation can be stereotactically determined so as to place the infarct within functionally distinct cortical areas, such as barrel field or hindpaw somatosensory cortex. 108, 109 Rapidly evolving ischemic cell death occurs in the irradiated cortical bed, as measured by nonselective indicators of cell death, such as terminal deoxynucleoti-dyl transferase-mediated biotinylated uridine triphosphate nick end labeling (TUNEL) staining, or indicators of apoptotic progression, such as cytoplasmic cytochrome c. 110, 111 T cells infiltrate the edge of the lesion, followed by microglial/macrophage activation and both local and distant cytokine production in cortex. 112, 113 The advantages of this model are the small size of the infarcts, the ability to place the infarct within distinct functional subdivisions of cortex, and the minimal surgical manipulation of the animal. This model has recently been modified in the mouse so that rose-bengal is administered intraperitoneally, further streamlining the technique. 111 The disadvantages of this model stem from the microvascular insult. There is relatively little ischemic penumbra or region of local collateral flow and reperfusion, as seen in the Tamura and three-vessel occlusion models. 90, 94 This is supported by the finding of oxidative damage within the infarct core, rather than progressively distributed in peri-infarct areas as in other models. 66, 111, 114, 115 Also the simultaneous disruption of endothelial integrity and rapidly progressive infarction in a small cortical volume results in substantial local vasogenic edema.
106 MRI of photothrombotic stroke shows early increases in T2 signal at the same time as decreased apparent diffusion of water, indicating the simultaneous development of substantial vasogenic edema at the same time as ischemic infarction. 116, 117 In acute brain lesions, T2 signal is a function of extracellular water. This means that photothrombosis induces simultaneous vasogenic (extracellular) edema and cytotoxic (intracellular) edema, i.e., leaky vessels and swollen cells at the same time. This is a very different pattern than seen in human stroke, where infarcts develop with decreased diffusion of water (as measured by the ADC, apparent diffusion coefficient)-a pattern of cytotoxic edema alone that is diagnostic in the acute setting of human focal stroke. 118 In fact, the simultaneous development of both significant vasogenic and cytotoxic edema in MRI of photothrombotic stroke more closely resembles traumatic brain injury models than focal stroke. 119, 120 Induction of photothrombotic stroke with a ring filter provides a central area within the lesioned cortex that has not been optically thrombosed. 121 This may provide an area of penumbra, but this potential penumbral area is present within the evolving vasogenic edema and it is unclear if this accurately models the human penumbra.
Despite these limitations in edema and penumbral areas, experiments with photothrombotic stroke have provided a large body of data on changes in neuronal physiology and neurotransmission in peri-infarct and contralateral cortex. Witte and colleagues 122, 123 have used the precise localization of these lesions for both in vivo and slice electrophysiological experiments that have shown increased baseline neuronal firing rates, diminished recurrent neuronal inhibition, and enhanced longterm potentiation after stroke. Diminished GABA␣ receptor binding and subunit expression, and increased NMDA receptor expression may underlie these physiological changes, and occur within a large region of cortex both ipsi-and contralateral to photothrombotic stroke. 109, 124 These data on cellular and network properties in peri-infarct cortex provide the beginnings of a mechanistic link between early ischemic cell death in stroke, and the later stages of dendritic and axonal sprouting, circuit reorganization and functional remapping that may mediate recovery.
2 Such a detailed physiological analysis of peri-infarct cortex would be more difficult with lesion models of more variable location in the cerebral hemisphere. It remains to be seen whether the lack of local collateral reflow and reperfusion injury and the profound local edema limit this model in its application to the study of neural repair after stroke.
ANIMAL MODELS OF NEURAL REPAIR IN STROKE
The study of neural repair after stroke is taking on adding importance as the field develops scientific understanding of the basic cellular mechanisms of neuronal reorganization after injury. As noted above, imaging studies have begun to define consistent patterns of recovery within functional circuits in the human brain after stroke and have implicated peri-infarct cortex and closely connected ipsilateral areas as important in recovery after a stroke. At a cellular level in peri-infarct cortex, axonal sprouting establishes new patterns of cortical connections, 2 , 125 neural progenitor cells differentiate and send newly born neurons into peri-infarct tissue 126, 127 and synaptic plasticity changes the organization of cortical maps. 128 To define the cellular and molecular mechanisms of these reparative processes requires that an animal model allow direct study of the relevant neuronal circuits as they sprout, differentiate, or re-map after stroke. Most of the animal models of cell death in stroke, including suture occlusion of the MCA, the Tamura model, embolic MCAo and the three-vessel model, produce substantial damage to many different brain regions, sparing very rostral and medial frontal cortex, lateral temporal cortex and occipital cortex 89, 92, 95, 129 (FIG. 1) . In rodents, the connectional structure of these areas is not well established and difficult to study for the patterns of cellular repair after stroke. In contrast, the motor and sensory body maps provide a well described region in which over 50 years of neuroscientific study has defined the anatomy and physiology of the cortical structure. Animal models of stroke in the motor and sensory body maps can use these regions as a template, or circuit board, to determine the basic mechanisms of cellular repair and recovery after stroke. Stroke models in the rodent somatosensory barrel field and fore-limb sensorimotor cortex have used this template to define principles of neural repair after stroke.
Two models have been applied to produce small focal stroke in rodent somatosensory or motor cortex. One model takes advantage of the arterial branching pattern of the MCA in the parietal region 130 to focally interrupt blood supply to the somatosensory barrel cortex. 115, 131 The cortical representation of each facial whisker forms a structural module, or barrel, that is easily visualized in the adult brain. Together, these modules constitute the barrel cortex, which forms a significant part of the entire rodent cortex (FIG. 2) . To generate reproducible stroke and a component of reperfusion injury, arterial branches to the barrel cortex are permanently interrupted and both common carotids are occluded for one hour. 115, 125 The outcome of this technique is a small cortical stroke in a specific, functionally defined region of the rat barrel field. 115, 125 Because the connections of the barrel field are well established, this model allowed the first definitive description of new patterns of connections, or axonal sprouting, in peri-infarct cortex after stroke. 125 Small strokes in the barrel field produce successively separated tissue compartments of pan-necrosis; partial tissue damage constituting apoptotic cell death, oxidative DNA damage, and dense reactive gliosis; and cellular stress and distributed gliosis. 115 Each of the tissue microenvironments is located within distinct functional regions of rat somatosensory and motor cortex. The precise mapping of tissue microenvironments after stroke within a defined cortical structure has allowed comparison of mechanisms of stroke damage between aged and young adults, and identified reduced neuroprotective and cellular stress responses in the aged brain. 132 A similar model has been developed in the mouse (FIG. 2) . We have used this model to identify the molecular profile of a neuronal growth program triggered by stroke that mediates axonal sprouting, and a unique region of neuronal regeneration after stroke. 133 The precise mapping of apoptotic cell death, oxidative DNA damage and partial neuronal injury 115 also allows definitive study of the molecular profile of glial scar formation in the brain after stroke. 133 Thus, this model has the advantages of producing strokes of similar size to the most common humans strokes, with a mechanism of reperfusion, in a brain region that serves as a connectional template for the study of reparative processes after stroke. The major disadvantage of this model is that the strokes are variable in size 115 and this interanimal variability limits study of stroke size, or neuroprotective effect, between treatment groups.
A second model of focal stroke in rodent sensory and motor cortex uses local endothelin-1 application. Endothelin-1 is a potent and long-acting venous and arterial vasoconstrictor. 134 Intracerebral injection or surface application of endothelin-1 produces a local dose dependent ischemic lesion with minimal tissue edema. 135, 136 Endothelin-1 application can be directed to distinct cortical regions to produce localized stroke within specific brain circuits. 137, 138 Endothelin-1 can also be injected into subcortical white matter to produce focal subcortical stroke in the rodent. 139 This approach potentially offers the ability to direct focal ischemia into deep and superficial brain compartments in an animal model of stroke. However, endothelin-1, endothelin-1-converting enzyme and both subtypes of endothelin-1 receptors are found not only on endothelial cells, but also on neurons and astrocytes in the brain. 140, 141 Endothelin-1 application induces astrocytosis and appears to facilitate axonal sprouting in spinal cord injury. 142, 143 These findings suggest that endothelin-1 exerts a direct, receptor-mediated signaling effect within astrocytes and neurons that may interfere with the production and interpretation of neural repair experiments.
CONCLUSION
Individual rodent stroke models each capture elements of the human disease. With careful attention to size,
FIG. 2.
Focal stroke in rodent barrel field. Left column shows normal and post-stroke rat cortex; right column shows normal and post-stroke mouse cortex. A and C: Tangential sections of flattened rat cortex through cortical layer IV and stained for cytochrome oxidase and nestin shows the rat somatosensory body map. The barrel field (PMBSF and ALBSF) form a significant portion of the total surface area of the rat cortex. In panel C, a stroke has been produced in a portion of the barrel field and is highlighted by dark, nestin-positive reactive astrocytes. E: Coronal section through the infarct stained for MAP2 shows the relatively small total area occupied by the infarct. B and D: Tangential sections of mouse cortex through layer IV and stained for cytochrome oxidase show the somatosensory body map. The infarct is larger in the mouse, but also positioned within and adjacent to the barrel field. F: Coronal section through the infarct stained for Nissl. Bar in C ϭ 1 mm and applied to A and C; bar in D ϭ 400 M and applied to B and D. Bar in E ϭ1 mm; bar in F ϭ 250 M. PMBSF ϭ posteromedial barrel field; ALBSF ϭ anterolateral barrel field. mechanism, and purpose, selected rodent models can be used to study the major targets of human neuroprotective therapies-reperfusion injury, delayed apoptotic cell death, and inflammatory cascades 3, 4 ; or the cellular elements of neural repair. Rodent models can be easily shifted to study cell death and repair in aged animals, the actual population target for stroke therapies, without prohibitive cost and time constraints. However, rodent models have many well-recognized limits, such as differences in tolerance to cerebral edema, a small region of subcortical white matter to model lacunar infarction, and important molecular differences in thrombotic, inflammatory, and DNA repair cascades compared with primates. 144, 145 In reality, biomedical funding and space constraints make the animal modeling of stroke a progressive endeavor, with intellectual risk and discovery carried out in rodent stroke models and concept replication and proof of principle carried through primate models. 
